ABSTRACT Fluorescent indicators were used to detect stimulus-evoked changes in presynaptic levels of intracellular sodium (Na1) and calcium (Ca1) in granule cell parallel fibers in brain slices from rat cerebellum. Ca, increased during stimulation, and three exponentials were needed to approximate its return to prestimulus levels. Ca, decayed to -10% of peak levels with T 100 ms, to -1% of peak values with T 6 s, and then returned to prestimulus levels with T 1-2 min.
INTRODUCTION
High firing rates in neurons lead to a buildup of free calcium (Ca1) in their presynaptic terminals. These increases in Ca' enhance synaptic strength (Atluri and Regehr, 1996; Delaney and Tank, 1994; Delaney et al., 1989; Swandulla et al., 1991; Zucker et al., 1991) . The factors that control the decay of Ca1, and thereby influence the time course of Ca,-dependent synaptic enhancement, are not fully understood.
Studies of pinched-off nerve terminals (synaptosomes) have revealed important features of presynaptic calcium regulation (Blaustein and Santiago, 1977; Oborn, 1975; Duarte et al., 1991; Fontana and Blaustein, 1993; Fontana et al., 1995; Gill et al., 1981; SanchezArmass and Blaustein, 1987) . There are two primary systems for removing calcium from synaptosomes, the sodium/ calcium exchanger and the calcium ATPase (Ca-ATPase). The sodium/calcium exchanger is electrogenic and exchanges 3 sodium ions for one calcium ion. Depending on the membrane potential, and the intracellular and extracellular concentrations of Na+ and Ca2 , this exchange mechanism can either bring Ca2+ into the cell or remove Ca21 from the cell. The sodium/calcium exchanger has a high capacity for Ca2+ removal, but a low-affinity for Ca2+ (Allen et al., 1989) . In contrast, the plasmalemma calcium ATPase has a low capacity for calcium removal, a higher 1996) .
The sodium/calcium exchanger and the Ca-ATPase are also thought to be the dominant means of calcium extrusion in intact presynaptic terminals of the mammalian CNS (Fujii et al., 1996; Luther et al., 1992; Reuter and Porzig, 1995; Bouron and Reuter, 1996) . Stimulation of presynaptic fibers can produce large increases in presynaptic Ca. In parallel fibers, single stimuli increase Cai by several hundred nanomolar (Atluri and Regehr, 1996) . After stimulation Ca, returns to resting levels with a complex time course. Ca, decays to 10% of peak levels in hundreds of milliseconds, but then decays more slowly (Atluri and Regehr, 1996) . This slow component of decay becomes more prominent as the number of stimulus pulses is increased. It has been difficult to establish the roles of the sodium/calcium exchanger and the plasma membrane Ca-ATPase in calcium extrusion, because selective pharmacological agents are not available to inhibit these extrusion mechanisms.
Here I investigate the determinants of presynaptic calcium levels by optically detecting presynaptic Na1 and Ca, transients produced by stimulus trains. Measurements were made from intact presynaptic boutons from cerebeller granule cells in rat brain slices. Na1 and Ca, levels were found to be intimately linked. During stimulation, Na1 and Ca, both rose quickly in presynaptic terminals. Ca, decayed to -10% of peak levels within a few hundred milliseconds, and as it did so Na1 continued to increase. This second phase of sodium accumulation was found to be coupled to calcium efflux. On longer time scales, there were similarities in the time course of sodium and calcium decay. These results are consistent with an interplay between Nai and Ca, levels mediated by the sodium/calcium exchanger. A model is presented that accounts for important features of the Na, and Ca, transients.
METHODS
Transverse slices (300 p.m thick) were cut from the cerebellar vermis of 14-to 24-day-old Sprague-Dawley rats as described previously (Llano et al., 1991; Mintz et al., 1995) . The slices were allowed to recover at 30°C for 1 h before use and experiments were conducted at 20-240C. The external solution consisted of (in mM): 125 NaCi, 2.5 KCI, 2 CaC12, 1
MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 25 glucose, and 0.02 bicuculline, bubbled with 95% 02 and 5% Co2.
Detection of presynaptic Na1 and Ca, transients Parallel fibers were labeled with a high-pressure stream of mag-fura-5, fura-2, magnesium orange, or sodium-binding benzofuran isophthalate (SBFI) (Delbono and Stefani, 1993; Grynkiewicz et al., 1985; Minta and Tsien, 1989; Zhao et al., 1996) using techniques developed previously (Regehr and Atluri, 1995; Regehr and Tank, 1991) . Loading times were 5 to 10 min for the calcium-sensitive indicators and 30 to 60 min for SBFI.
After waiting 2 h for dye to diffuse and equilibrate within the fibers, an electrode was placed in the labeled band to stimulate parallel fibers. The resulting fluorescence transients were detected from an 80-p.m spot located 100-150 p.m from the stimulus electrode and 300-600 p.m from the fill site.
The preparation was illuminated with a 150 Watt Xenon bulb (model XBO 150W/CR OFR, Osram, Germany), which was gated with a shutter (model VS25S27M1-21, Vincent Associates, Rochester, NY). For the indicators SBFI, fura-2, and mag-fura-5 the filter set consisted of a 380DF15 excitation filter, a 425DRLP dichroic mirror, and a GG455 emission filter. For magnesium orange a 540DF15 excitation filter, a 56ODLP dichroic mirror, and a 5700G emission filter were used. All optical filters were from Omega Optical (Brattleboro, VT). Decreases in fluorescence correspond to increases in ionic levels for mag-fura-5, fura-2, and SBFI. Fluorescence transients for these indicators have been inverted for clarity.
For experiments in which ionic levels were monitored for <20 s (Figs. 1-5 and 9), the preparation was illuminated continuously. For longer duration experiments, such as those shown in Figs. 7 and 8, the preparation was illuminated for 100 ms every second for 20 s prior to stimulation, then continuously illuminated from 300 ms before stimulation to 3 s after stimulation. For the next 2-5 min the preparation was illuminated for 100 ms every second. AF/F values were determined for each of the illumination periods. This enabled me to follow the relatively rapid transients that occurred during and immediately after stimulation, as well as the slow decays of ionic levels on very long time scales, without significantly bleaching the indicator (as would have occurred with continuous illumination). A photodiode was used to detect fluorescence. All records were corrected for bleaching as described previously (Regehr and Atluri, 1995). Signals were filtered at 200 Hz with an 8-pole Bessel filter (Frequency Devices, Haverhill, MA) and sampled at 2 kHz with the Instrutech ITC 16 interface (Great Neck, NY) using Pulse Control software (Herrington and Bookman, 1995) .
Limitations of Na1 and Ca1 detection
This method of detecting Nai and Cai had a number of limitations. 1) Measurements of ionic levels were from parallel fibers, which are heavily dominated by presynaptic terminals but also include small axonal segments (Palay and Chan-Palay, 1974 Therefore, low affinity dyes were used to measure calcium levels that were sufficiently large to saturate high affinity dyes (such as fura-2), and high affinity dyes were used to measure the small calcium levels present at long times after stimulation. 3) Quantification of Na, levels in these experiments using SBFI was not possible. The ratio method cannot be applied since the fluoresence signal arises from stimulated and unstimulated fibers. In addition, Nai increases produced by long stimulus trains may be sufficiently large to partially saturate the response of SBFI. Although similar problems associated with the fluorescence measurement of calcium levels in these fibers were overcome (Feller et al., 1996; Regehr and Atluri, 1995) , there is not a sufficient variety of sodium indicators available to take a similar approach to sodium quantification. Saturation of SBFI would result in a slowing of the fluorescence transients relative to actual changes in Na, and a sublinear relationship between AF/F and Na,. However, when few stimulus pulses are used, the increases in Nai are sufficiently small that for SBFI the relationship between AF/F and Na, is linear, and SBFI provides a good measure of rate of Na, decay.
Simulations of Na1 and Cal transients
Simulations of Na, and Ca, levels were calculated with Euler integration using time steps of 100 p.s (see Table I ). These simulations were based on a number of assumptions:
1. Spatial ionic gradients were ignored. This assumption is likely to hold at long times after stimulation, when diffusion would have largely dissipated spatial gradients, and it appears to be valid for crayfish presynaptic terminals and chromaffin cells for such conditions (Neher and Augustine, 1992; Tank et al., 1995) . It may not apply for several hundred milliseconds after stimulation, if, for example, the sources and sinks of calcium and sodium are located in different regions of the parallel fibers.
2. Mitochondria (Rizzuto et al., 1992 (Rizzuto et al., , 1994 and intracellular stores targeted by ryanodine and 'P3 (Ehrlich et al., 1994) were ignored. Several studies indicate that internal stores participate in calcium regulation in some presynaptic terminals (Blaustein, 1988; Peng, 1996; Tang and Zucker, 1997) . Thus far we find no experimental evidence for their participation at this synapse ; this is similar to the properties of calcium transients in goldfish bipolar cells (Kobayashi and Tachibana, 1995) . Simulations suggest that intracellular stores are not required to explain the sodium and calcium dynamics in parallel fibers. Further experimentation will be required, however, to determine whether these stores contribute to calcium regulation in these presynaptic boutons for some experimental conditions.
3. Resting Na, levels (Narest) and Ca, levels (Cares,) were taken to be 10 mM and 40 nM, respectively. Although CaTes, is notoriously difficult to measure, 40 nM is consistent with estimates of CaTest. The value of Narest corresponds to a reversal potential of 70 mV and is within the range of reported values of NaTest (Harootunian et al., 1989; Levi et al., 1994; Satoh et al., 1991; Rose and Ransom, 1997) . 4. Each action potential triggered calcium entry through voltage-gated calcium channels that was sufficient to increase free calcium by ACa, and free sodium by ANai. The default value used for ACa, had been determined experimentally (Regehr and Atluri, 1995) .
5. The presynaptic bouton was assumed to contain a low affinity calcium buffer at a concentration [B] with a dissociation constant, KB. It is assumed that on the time scale of these simulations calcium is in equilibrium with the buffer and that, where the total concentration of calcium in the bouton (CaT) is equal to the sum of the free calcium concentration (Ca,) and the concentration of calcium bound to buffer,
[CaB] (i.e., CaT = Ca, + [CaB] ). Although the calcium buffer capacity within the granule cell presynaptic boutons is not known, the buffer capacities for chromaffin cells, crayfish nerve terminals, the calyx of Held, and hair cells have been measured, and range from 40 to 4000 (Helmchen et al., 1997; Neher and Augustine, 1992; Roberts et al., 1990; Tank et al., 1995; Tucker and Fettiplace, 1996 observed properties of calcium transients produced by trains, the buffer in parallel fiber terminals has KB > 5 ,±M (Regehr and Atluri, 1995) . 6. The rate of extrusion by the Ca-ATPase was approximated by the Michaelis-Menten formulation:
7. The simple scheme given below was used to approximate the extrusion rates of the sodium/calcium exchanger (Mullins, 1977) . The changes in Ca, and Na, are given by:
Although more sophisticated models have been advanced for the cardiac sodium/calcium exchanger (Hilgemann, 1988; Hilgemann et al., 1992; Matsuoka and Hilgemann, 1992) , this model captured the fundamental features of the exchanger required to explain the observed sodium and calcium transients: 3 sodium ions are exchanged for 1 calcium ion and the reversal potential of the exchanger is given by NaC/= k Na, Caj \Ṽ m = VNaCa k 3 IlnNae nCae))! (4) There is no net flux of ions through the exchanger when the membrane potential equals the reversal potential of the exchanger (V = VNaCa). 8. For simplicity, sodium extrusion mechanisms other than the sodium/ calcium exchanger were ignored. Measurements of Na, suggest that such extrusion mechanisms do not greatly affect Na, levels in the first 30 s after stimulation.
RESULTS
Fluorescent indicators were used to detect changes in intracellular levels of free sodium (Nal) and free calcium (Cat) within parallel fibers. Na, was monitored with the indicator SBFI, which has a dissociation constant for sodium of 20 mM (Minta and Tsien, 1989) . Cai was monitored with the indicators mag-fura-5, fura-2, and magnesium orange, which have dissociation constants for calcium of 31 ,uM, 100-200 nM, and 43 ,uM, respectively (Grynkiewicz et al., 1985; Zhao et al., 1996) . These fluorophores were introduced into parallel fibers by locally loading a membranepermeant form of the indicator using a procedure that has been described previously. After allowing 2-3 h for the indicator to diffuse within the parallel fibers, the pattern of labeling is such that in the molecular layer, far from the loading site, the only structures containing the indicator are the parallel fibers. Using an electrode placed in the molecular layer to stimulate parallel fibers, fluorescence changes from an 80-gm diameter spot were monitored with a photodiode or a photomultiplier tube. These measurements represent an aggregate measure of the fluorescence changes in many parallel fibers. Anatomical studies suggest that the volume of the parallel fibers is -85-90% presynaptic terminal, with thin axonal segments accounting for the remaining volume (Palay and Chan-Palay, 1974 ).
Na1 and Ca1 dynamics immediately after stimulation
Stimulation of parallel fibers with high frequency trains evoked large presynaptic calcium transients that were detected with mag-fura-5 ( Fig. 1 A) . Previous studies have shown that these fluorescence transients result from calcium entering parallel fibers through voltage-gated calcium channels and that single action potentials increase Ca. by 200 to 300 nM (Atluri and Regehr, 1996) . This allows us to estimate Cat, and in Fig. 1 AF/F signals produced by stimulating with 5 pulses at 100 Hz with an exponential over the range of 30 to 500 ms poststimulus, mag-fura-5 AF/F signals decayed with a time constant of 70-110 ms (n = 10), and SBFI fluorescence increased with a time constant of 193 ± 10 ms (n = 10).
This similarity in the time course of Ca, decay and Na, accumulation suggested that the levels of these ions are linked.
Na1 and Ca, dynamics were also compared within the same set of presynaptic terminals. A number of indicators were tested and magnesium orange was found to be the best suited to these studies (Zhao et al., 1996) . It has a low affinity for calcium and excitation and emission spectra that do not overlap with those of SBFI. Parallel fibers were labeled with both magnesium orange and SBFI, and in alternate trials measurements were performed with either the sodium-sensitive or the calcium-sensitive indicator (Fig.   2) . Again, Ca, decayed with a time course similar to, but somewhat faster than, the slow phase of sodium accumulation (80 ± 2 ms compared to 200 ± 20 ms, n = 5). Fig. 3 , cadmium, which blocks voltagegated calcium channels, was a useful tool for dissecting the SBFI fluorescence transients into two components. In control conditions, the SBFI fluorescence transients produced by 100-Hz trains of 1 to 4 stimuli appeared to consist of two kinetically separable components; one increased abruptly after stimulation and the other increased more slowly. Cadmium did not affect the faster component (Fig. 3 B) , whereas it eliminated the slow component of Nai accumulation (Fig. 3 C) . The differences in the kinetics of these two components are clearly shown in Fig. 3 D. The cadmiumsensitive component accounted for 74 ± 8% (n = 14) of the sodium accumulation.
To quantitatively test the calcium-dependence of sodium entry I examined the effect of several manipulations of calcium entry on Na, accumulation. One hundred-Hz trains with 5 stimulus pulses produced AF/F signals with good signal-to-noise ratios that were sufficiently small to avoid saturation of the SBFI response. A previous study showed that cadmium reduced calcium influx in parallel fibers with an EC50 of 6 ,uM, and that the dependence of calcium influx on extracellular calcium (Cae) was well approximated by a function of the form Ca/(Cae + 3 mM) (Mintz et al., 1995) . As shown in Fig. 4 , the slow component of the SBFI AF/F signals was reduced by changing from control solution (2 mM Cae) to either 1 mM Cae or 0.5 mM Car, as well as by adding 5 ,uM cadmium to the control solution.
The effects of two peptide toxins on SBFI fluorescence transients were also examined. w-Conotoxin GVIA, which targets N-type calcium channels (Fujita et al., 1993; Williams et al., 1992) , has previously been shown to block 27.0 ± 1.7% of calcium influx at this synapse, while tAga-IVA, which targets P/Q-type calcium channels (Mintz et al., 1992) , blocks 50.1 ± 1.8% of the calcium influx (Mintz et al., 1995) . At the concentrations employed here these toxins block non-overlapping fractions of calcium accumulation in parallel fibers without affecting sodium channels or presynaptic action potentials (Mintz et al., 1995; Regehr and Mintz, 1994) . As shown in Fig. 5 , c-Aga-IVA reduced the amplitude of the slow component of the AF/F FIGURE 4 The effects of reduced presynaptic calcium entry on presynaptic sodium transients. The effects of extracellular cadmium or reducing extracellular calcium on SBFI fluorescence changes produced by five stimuli at 100 Hz. Insets show average SBFI fluorescence transients for various conditions. signals to 54 ± 6% of control values (n = 4) and a coapplication of c-Aga-IVA and co-conotoxin GVIA further reduced the amplitude of the signals to 22 ± 6% of control (n = 4).
It was clear from these experiments that decreasing the amplitude of the calcium accumulations reduced the size of the slow component of the SBFI AF/F signal without affecting the rapid component. Fig. 6 compares the relative sizes of the slow component of sodium accumulation and the amplitude of calcium accumulation for these different conditions. These points are well approximated by the line, which corresponds to a one-to-one relationship between the amplitude of these two quantities.
Taken together, the results described thus far suggest that the slow component of sodium accumulation is a consequence of calcium extrusion from the cytoplasm of parallel fibers. The rapid component of sodium accumulation is likely a consequence of sodium entry through TTX-sensitive sodium channels that open during the presynaptic action potential. For stimulus trains of 4 or 5 pulses at 100 Hz the calcium-dependent slow component is 2.9 ± 0.3 (n = 14) times as large as the rapid component of SBFI AF/F signal. Thus, for such stimulus trains, a great deal more sodium enters parallel fibers as a consequence of a calciumdependent mechanism than directly through voltage-gated sodium channels.
Na1 and Ca, dynamics on long time scales Na, and Ca, dynamics were also examined on longer time scales. Cai was monitored with fura-2, which is more sen- 
stimulation (Fig. 7, A and C). The 1-s interval immediately after tetanic stimulation is not displayed. During this period
Cai is sufficiently high to saturate the response of fura-2. After 1 s Cai had already decayed to -10% of peak levels ( Fig. 1 A) Fig. 1 A) .
The decay of presynaptic Nai was remarkably slow. As shown in Fig. 7 The dependence of calcium extrusion on extracellular sodium
The dependence of Na1 transients on calcium entry suggested the involvement of the sodium/calcium exchanger. I tested this possibility by examining the effects of lowering external sodium (Nae) on the calcium transients (27 mM, compared to 152 mM Nae for standard external saline). In these experiments, although lithium substitutes for sodium in the voltage-gated sodium channels, there are certain to be minor effects on fiber excitability and presynaptic waveform. This makes interpretation of changes in the amplitude of AF/F signals difficult to interpret. These ionic substitution experiments are much more informative with regard to rates of extrusion. Lithium does not substitute for sodium in the sodium/calcium exchanger, and low Nae should reduce the rate of calcium extrusion via the sodium/calcium exchanger (Kobayashi and Tachibana, 1995; Reuter and Porzig, 1995) . In low Nae solution the most rapid phase of calcium extrusion was slowed (Fig. 9 A) , but the time course of the subsequent Ca, decay was unaffected (Fig. 9 B) . and 40 stimuli result in the family of curves shown in Fig.  10 A. As shown in the inset, for these conditions the decays of Ca, from 500 nM to rest had an identical time course for these different trains. This is inconsistent with the experimentally observed transients ( Fig. 1 A and 7 A insets). Such differences between simulated and observed calcium transients remained for a broad range of Ca-ATPase densities and affinities.
Simulations that included only the sodium/calcium exchanger were also clearly deficient (Fig. 10 B) . In these simulations, calcium decayed rapidly to -10% of peak levels, but never returned to resting levels (Fig. 10 D) . One attractive feature of these simulations was that the Ca, decay rate depended on the number of pulses in the stimulus train, as is apparent when examining the decay of calcium from 500 nM (inset).
Simulations that included both the sodium/calcium exchanger and the Ca-ATPase provided a much better approximation to the experimentally observed transients. When both extrusion mechanisms were present (Fig. 10 C) Ca, eventually returned to resting levels (Fig. 10 D) .
It is revealing to examine in greater detail the situation when the sodium/calcium exchanger is the sole means of extrusion. For greater ease in interpretation these simulations, and the rest of the simulations in the paper, assume that the initial increases in Na, and Ca, occur instantaneously. After this initial increase, Ca, decays to low levels within a second (Fig. 1I,A and D) . While it does so, Na1 continues to increase (Fig. 11 B) as a consequence of the sodium/calcium exchanger (Fig. 11 C) , which brings 3 sodium ions into the cell for each calcium ion removed. Eventually Na1 and Ca, plateau at elevated levels and never return to resting levels.
A plot of the Ca, versus the Nal for these simulations provides insight into what is happening for these conditions (Fig. 11 E) . As a result of influx through voltage-gated channels, Na1 and Ca, abruptly increase from rest (indicated by the triangle) to the levels indicated by the solid dots. The size of this abrupt change is proportional to the number of pulses in the train. At this point the sodium/calcium exchanger is far from equilibrium, and it removes calcium from the bouton in exchange for sodium. From Eq. 3 it can be shown that Nal and Ca, levels follow the line, FIGURE 10 Simulations of calcium transients using different extrusion mechanisms. Simulations of Ca1 for 100-Hz trains produced by 10, 20, 30, and 40 pulses assuming that calcium was removed by the Ca-ATPase alone (A), the sodium/calcium exchanger alone (B), and both the Ca-ATPase and the sodium/calcium exchanger (C). The scale bar applies to all three sets of simulation in (A) to (C). In the insets associated with (A) to (C) the traces are realigned to compare the time course of calcium decay for each family of simulated calcium transients. Each trace is from 500 nM to Carest (40 nM). The scale bar in the inset of (A) applies to all of the insets. (D) Ca1 transients produced by 40 pulses for the three different conditions of calcium extrusion. Default parameters were used in simulations except in (A) the density of the Ca-ATPase was 5 mM s-1 and there was no sodium/calcium exchanger present, and in (B) there was no Ca-ATPase present.
until the sodium/calcium exchanger is in equilibrium, a condition that is given by C N3 Ca, V/kT N3(6 Ca, =Nai Kav3ke =aNa4. and Ca, levels will remain elevated at the intersection of the line given by Eq. 5 and the curve given by Eq. 6. The points of intersection for trains of 10 to 40 stimuli are indicated by the open circles in Fig. 11 E. It should be noted that when only the sodium/calcium exchanger is present, the calcium decay is well approximated by an exponential with a time constant of decay given by,
where RNa/Ca = KNaIcaNa3e-V2kT. This expression is similar to the expression for the decay of calcium when the only extrusion mechanism is a calcium pump (Neher and Augustine, 1992; Tank et al., 1995) .
The effects of the inclusion of the CaATPase as well as the sodium/calcium exchanger are examined in more detail in the simulations of Fig. 12 . The Ca-ATPase has little effect on Ca, and Na, transients at short times (Fig. 12, A and B). This is not surprising because when CaQ is high the rate of extrusion via the low affinity sodium/calcium exchanger is much greater than for the high affinity CaATPase (compare Fig. 12 C to Fig. 12 D) . The sodium/ calcium exchanger adjusts Ca, and Nat, and rapidly brings In (E) and (F) the relationship between Ca, and Na, for the simulations is shown in (A) and (B). The thick line is the curve given by Eq. 8. Default parameters were used for simulations.
the exchanger into equilibrium. At this point the Ca-ATPase alone removes calcium, and as it does so it takes the sodium/calcium exchanger out of equilibrium. During the subsequent phase the sodium/calcium exchanger brings calcium into the terminal (Fig. 12 B) . Plots of Ca, vs Na, are altered by including the Ca-ATPase, compared to when only the sodium/calcium exchanger is present (Fig. 12, E and F). Due to the presence of the calcium ATPase, Ca,
does not plateau at the intersection of the curves defined by Eqs. 5 and 6. Calcium rapidly undershoots the curve given by Eq. 6, bringing the exchanger out of equilibrium until Na, and Ca, return to resting levels.
Additional simulations were performed to examine the manner in which the buffer capacity, calcium pump density, and sodium/calcium exchanger density influenced Na, and Ca, dynamics (data not shown). Elevating the buffer capacity increased the magnitude of the slow component of Ca, decay. Increasing the Ca-ATPase density did not significantly influence the Ca, or Nal transients in the initial second. There were, however, profound effects on the slower components of the Na, and Ca, decay. As the maximum calcium pump velocity was increased, the slow component of Ca, decay became smaller and faster. The decay of Nai also became faster. Increasing the sodium/calcium exchanger density sped the rapid decay of Ca, and the corresponding accumulation of Nat. In addition, reducing the sodium/calcium exchanger density resulted in notable decreases in the amplitude of the slow component of the calcium decay.
DISCUSSION
Taken together, the experimental results in this paper establish that in cerebellar granule cells presynaptic sodium and calcium levels are coupled. The sodium/calcium exchanger is implicated as a mediator of a large source of sodium accumulation and as the primary means of rapid calcium extrusion. Previously unexplained features of calcium transients are readily explained by an interaction of the sodium! calcium exchanger and the Ca-ATPase. The discussion will deal first with model-independent interpretations of the experimental results, and then with the model of sodium and calcium dynamics that was inspired by these experiments.
Sources of Na1 and Ca1
The fluorometric detection of Nai and Cai within presynaptic terminals provided information about the sources of calcium and sodium (see Methods). Immediately after stimulation there is a rapid increase in Nai and Cat. Previous studies established that Ca, increases are a consequence of calcium entry through a variety of voltage-gated calcium channels, with no contribution from internal calcium stores (Mintz et al., 1995; Sabatini and Regehr, 1995) . The initial component of Na, accumulation also occurs very rapidly and is likely a consequence of sodium entry through voltage-gated channels. This is, however, difficult to establish conclusively in this preparation. Owing to the crucial role of sodium channels in action potentials in the parallel fibers, it is not possible to affect sodium channels without altering the presynaptic voltage waveform. This makes the elimination of sodium entry by TTX difficult to interpret.
Surprisingly, most of the presynaptic sodium entry is dependent on calcium entry into the presynaptic terminal and occurs in the several hundred milliseconds after stimulation. This slow component of sodium entry was eliminated by cadmium, which provides a complete block of most types of calcium channels. Furthermore, there was a one-to-one correspondence between the magnitude of calcium influx and the amplitude of the slow component of sodium entry (Figs. 4-6 First, the decay of CaQ and the accumulation of Na1 have approximately the same time course. Second, as described above, Na, accumulation is dependent on calcium entry. Third, the rate of decay of Ca, is dependent upon the concentration of extracellular sodium. Together, these data establish that immediately after stimulation calcium is extruded by a mechanism that leads to sodium entry into parallel fibers. This exchange of sodium for calcium is likely mediated by the sodium/calcium exchanger.
Coupling of Na1 and Ca, on long times scales Na1 and Ca, are also coupled on longer time scales. This is suggested by the similarity of their time courses of return to resting levels. Over the 1-s to 3-min range after stimulation, Na, and Ca, can both be approximated by double exponential decays with similar time constants. For the rapid component the time constants of decay are 6-7 s for Ca1 compared to 6-17 s for Na,. The blockade of calcium influx with cadmium eliminated this component of sodium decay, suggesting that during this phase sodium extrusion was calcium-dependent and involved the sodium/calcium exchanger.
On yet longer time scales, the coupling between calcium and sodium is less clear. There is still a similarity in the time constants of decay over this range, 1-2 min for calcium compared to 2-3 min for sodium. Cadmium did not, however, eliminate the slowest component of Na, decay. This suggests that the sodium/calcium exchanger may not be a significant factor in sodium removal on these time scales. The sodium/potassium ATPase is an obvious candidate extrusion pathway that may be responsible for Na1 extrusion on long time scales, but this remains to be tested in future studies.
Model of presynaptic Nal and Ca, dynamics A model was constructed that accounted for many features of Na1 and Cai dynamics and the coupling of these two ions.
The essence of this model is presented schematically in Fig.  13 . The presynaptic terminal is shown 4 times, corresponding to the phases of calcium and sodium entry and extrusion shown in the graph: 1) an action potential invades the presynaptic bouton and calcium and sodium enter the presynaptic terminal through voltage-gated channels; 2) sodium/calcium exchanger rapidly removes calcium and brings sodium into the presynaptic fibers; the CaATPase also removes calcium, but at a slower rate than the exchanger; 3) the sodium/calcium exchanger is in equilibrium and there is no net ion flow through the exchanger; and 4) there is a net FIGURE 13 Different phases of presynaptic Na, and Ca1 dynamics.
Schematic representation of the response of a presynaptic terminal to stimulation. The presynaptic terminal contains voltage-gated sodium channels (black), voltage-gated calcium channels (white), a sodium calcium exchanger (filled circle), and a calcium ATPase (square). The various stages indicated schematically correspond to the times indicated below the graph of presynaptic Na1 and Ca1. 1) In response to stimulation, sodium and calcium enter through voltage-gated channels. 2) Calcium is removed by both the sodium/calcium exchanger and the Ca-ATPase. During this stage most of the calcium efflux is through the exchanger, which also brings sodium into the presynaptic bouton.
3) The sodium/calcium exchanger reaches steady-state. At this point there is no net ion flow through the exchanger and the Ca-ATPase alone removes calcium. 4) The Ca-ATPase continues to remove calcium from the presynaptic terminal. As it does so the sodium/calcium exchanger is no longer in steady-state and it transports calcium into the bouton and removes sodium. This model of presynaptic Na1 and Ca, dynamics will need to be refined to fully describe Na1 and Ca, dynamics.
Clearly another sodium extrusion mechanism would be required, such as the sodium/potassium ATPase, to account for the decay of sodium at long times after stimulation. Furthermore, more elaborate models of the sodium/calcium exchanger based on the properties of the exchanger in presynaptic terminals [as opposed to the better-characterized cardiac exchanger (Hilgemann, 1988; Hilgemann et al., 1992; Matsuoka and Hilgemann, 1992; Philipson and Nicoll, 1992)] will be needed to capture the subtleties of this extrusion system. In addition, this model ignores internal stores of calcium. Even though we have found no evidence for the participation of such stores in calcium signaling for the conditions of our experiments, it is difficult to completely rule out the participation of mitochondria. It is remarkable that even without these refinements the interplay between the sodium/calcium exchanger and the CaATPase can account for so many aspects of sodium and calcium signaling in these terminals.
Implications for Ca,-dependent synaptic plasticity These findings have important implications for Cai-dependent synaptic plasticity. The rapidly decaying phase of Ca1 after stimulation is responsible for facilitation of transmission at this synapse (Atluri and Regehr, 1996) . It appears that the sodium/calcium exchanger is the dominant Cai extrusion mechanism on time scales that are relevant to facilitation. The slower decay phase of Cai produced by stimulus trains such as those used here (T-5-20 s), which results from the interaction between the sodium/calcium exchanger and the Ca-ATPase, appears to lead to longer lasting forms of enhancement at this synapse corresponding to posttetanic potentiation (Peters and Regehr, unpublished observations).
It will be interesting to determine whether the interplay between Nai and Cai, observed here in granule cell presynaptic terminals, plays an important role in controlling presynaptic Cai dynamics and Cai-dependent plasticity at other synapses. Cai in other presynaptic terminals has complex kinetics similar in many ways to those described here for granule cell presynaptic terminals Delaney et al., 1989; Kamiya and Zucker, 1994;  Mulkey and Zucker, 1992; Zucker et al., 1994) . However, with so many factors involved in calcium regulation it seems likely that complexities in presynaptic calcium dynamics in these terminals might arise in many ways. At the crayfish neuromuscular junction, for example, a buildup of Na1 Mulkey and Zucker, 1992) and mitochondrial calcium (Tang and Zucker, 1997 ) both contribute to a slow decay of calcium that produces PTP. Thus it seems likely that the relative importance of an interplay between sodium and calcium in dictating presynaptic calcium levels will be very much dependent on the type of presynaptic terminal and a variety of factors, including the density of voltage-gated sodium and calcium channels; the capacity of presynaptic terminals to buffer calcium; the density of extrusion mechanisms, and the surface-to-volume ratio of the presynaptic boutons.
